interaction with χ, RecBCD also briefly pauses and then resumes translocation, but at approximately half the initial rate (15) (16) (17) . Because the helicase activity is retained (9) , ssDNA is produced with χ at its 3′-terminus, which is the optimal substrate for RecApromoted invasion of dsDNA (14) . Thus, interaction with χ changes RecBCD from its "destructive" mode, digesting DNA as it unwinds, to a "recombinational" mode, preserving the χ-containing ssDNA and loading RecA onto this ssDNA (1, 2) ; these are two essential biological functions of the RecBCD-χ interaction (18, 19) .
The crystal structure of RecBCD bound to a DNA hairpin provided a great deal of information in understanding RecBCD function, in particular with regard to the potential role of RecC in χ recognition (20) . Strikingly, RecC displays the fold of a canonical UvrD-like helicase, even though none of the characteristic Superfamily 1 (SF1) helicase motifs are preserved. There are three holes in RecC: a large one flanked by two smaller ones. The large hole serves as the interface between the RecB and RecC subunits. One of the small tunnels feeds the 5′-terminated ssDNA strand to RecD, and the other feeds the 3′-terminated strand from RecB, through RecC, into a nuclease domain immediately "behind" the RecB motor domains. The 3′-strand tunnel in RecC is formed by the helicase-like domains, and the recC* mutants, which alter the efficiency and specificity of χ recognition, map to this region (21) (22) (23) . Consequently, it was proposed that this tunnel region functions to channel a correctly oriented χ sequence for recognition by RecC.
In the companion article by Handa et al. (24) , amino acids within the RecC channel were altered by site-directed mutagenesis to identify the residues responsible for χ recognition. The genetic analyses discovered two types of mutants (Fig. S1 ). The first category, referred to as type 1, displayed phenotypic characteristics consistent with a complete loss of the χ response; these mutants included L64A, W70A, D133A, D136A, and R186A, and recombination in these cells was not responsive to χ. In contrast, the second category, referred to as type 2, displayed phenotypic characteristics consistent with a promiscuous response to χ: these mutants included Q38A, T40A, L134A, Q137A, R142A, and D705A. To understand the biochemical basis for these complex phenotypes in vivo, six mutant proteins of each type were purified and their in vitro behavior was investigated. We found that the type 1 mutants represent a group of RecBCD enzymes that fail to recognize χ, and that the type 2 mutants represent a group that displays relaxed recognition specificity toward χ. The members of the first group define a recognition helix structure for sequence-specific binding of ssDNA. The members of the second group define an ionic latch structure associated with the recognition helix. Our findings suggest that the latch is a χ-regulated structure responsible for controlling a conformational switch that, we propose, opens a "trap door" to provide a new exit channel for the χ-containing ssDNA, thereby avoiding nucleolytic degradation. Thus, χ recognition initiates a conformational cascade in RecBCD that transforms its biological behavior by a unique mechanism that acts to divert ssDNA to an alternative exit, thereby escaping nucleolytic demise.
Results

RecC-Channel Mutants Possess Approximately Wild-Type Levels of
Helicase and Nuclease Activities. The core activities, dsDNA unwinding and nuclease, of the RecBCD mutants were examined; wild-type RecBCD and RecBC (which lacks nuclease activity) were used as the reference enzymes. All of the mutant enzymes catalyzed unwinding of linear dsDNA, seen as disappearance of substrate and appearance of full-length ssDNA (Fig. S2) . The mutants also possessed nuclease activity, which was manifest as production of random-sized oligomeric ssDNA and, because of the heterogeneous sizes, apparent loss of DNA. Because the nuclease activity of RecBCD is significantly affected by the free Mg 2+ concentration (25) , the mutants were also examined at a higher concentration of Mg 2+ ( Fig. S3 ). At these conditions, nuclease activity was higher, yielding lower amounts of fulllength ssDNA. Thus, the relative unwinding and degradative activities of the mutant enzymes were comparable to wild-type, except for W70A, which produced ∼twofold more full-length ssDNA, and L64A, which produced approximately half of the full-length ssDNA. However, in comparison with the nucleasedeficient RecBC, all of the mutant enzymes display significant levels of nuclease activity. To determine whether the RecC-channel mutant enzymes respond to χ, we measured production of χ-specific ssDNA as a consequence of χ-dependent attenuation of nuclease activity (9) . As previously reported, unwinding and degradation of χ-containing dsDNA by the wildtype RecBCD resulted in formation of full-length ssDNA and χ-specific ssDNA fragments (9, 14, 25) . RecBCD converted 40 ± 4% of the dsDNA into χ 3 -containing ssDNA (Fig. 1) . In contrast, type 1 mutants (L64A, W70A, D133A, D136A, and R186A) generated barely detectable amounts: only 0.2-2%. Experiments at the higher free-magnesium concentration (Fig. S4) showed that yields of χ 3 -containing ssDNA were lower (undetectable to 0.5%), but relative behavior was the same. Thus, consistent with their phenotypes, these mutant enzymes lost the ability either to recognize or to be regulated by χ. The inability of type 1 mutants to produce χ-containing ssDNA establishes their designation as "lost-recognition" mutants, a description that we use interchangeably hereafter.
Type 1 Mutants Have Lost the Ability to Recognize χ. The lost-recognition mutants failed to either recognize χ or attenuate their nuclease activity in response to χ. To distinguish between these possibilities, we used an assay, reversible inactivation by χ, which is independent of nuclease activity (19, 26) . Under conditions of limited Mg 2+ , RecBCD is stably but reversibly inactivated after an encounter with χ. The enzyme completes unwinding of the DNA molecule to which it is bound, but the inactivated RecBCD is incapable of reinitiating unwinding on a new DNA duplex. However, inactivation is reversed by addition of excess Mg 2+ , and normal catalytic DNA processing activities are restored to the reactivated enzyme.
This behavior is shown in Fig. 2 . Reactions contained subsaturating amounts of enzyme and either χ 0 ( Fig. 2A) concentration. In contrast, the behavior of all lost-recognition mutants on either χ 0 or χ 3 DNA was the same: there was no recognition of χ.
Lost-Recognition Mutants Do Not Promote χ-Dependent Joint
Molecule Formation. For wild-type RecBCD, interaction with χ not only produces χ-containing ssDNA but results in the preferential loading of RecA onto this product (3). To verify that RecA did not alter our in vitro results, a coupled DNA unwinding and pairing assay was used. In this reaction, RecBCD generates ssDNA, which can be coated by RecA; the resultant RecA nucleoprotein filament invades homologous supercoiled DNA, leading to the formation of joint molecules (Fig. 3) . Two types of discrete-sized joint molecules are produced: χ-independent, because of invasion by full-length ssDNA, and χ-dependent, because of invasion by χ-containing ssDNA.
As shown in Fig. 3 , wild-type RecBCD preferentially loads RecA onto the χ-containing ssDNA, which is manifest as an increased yield of χ-dependent joint molecules relative to the χ-independent joint molecules. Processing by wild-type RecBCD   RecBCD  D705A  RecBC  R186H  R186A  R142A  Q137A  D136A  D133A  W70A  L64A  T40A  Q38A   0 5 2 5  2 5 2 5  2 5  2 5  2 5  2 5  2 5  2 5  2 Fig. 1 . Type 1 (lost-recognition) mutants process dsDNA to produce negligible amounts of χ-specific ssDNA, whereas type 2 (relaxed-specificity) mutants display wild-type levels of χ recognition. Enzymes and reaction times are indicated. The substrate was χ 3 dsDNA [illustrated; processing produces ssDNA and χ-specific ssDNA fragments (only the χ-containing ssDNA product is shown)]. Final yields (± SD) of χ-containing ssDNA product are from at least three independent experiments. resulted in ∼2% of the input dsDNA substrate being incorporated into χ 3 -specific joint molecules. However, the lostrecognition enzymes did not promote any detectable joint molecule formation and did not increase the yield of χ 3 -specific ssDNA in the presence of RecA.
Type 2 Mutants Produce χ-Specific ssDNA Fragments. In contrast to type 1, type 2 mutants (Q38A, T40A, Q137A, R142A, and D705A) behaved in vivo as though they recognized a more frequent variant of the χ sequence, or they switched to the χ-activated state randomly. Fig. 1 also showed that processing of χ 3 -containing dsDNA by type 2 mutants was distinctly different from lost-recognition mutants. The type 2 mutants behaved similarly to wild-type RecBCD: they recognized χ and produced χ-specific ssDNA products with comparable yields (32-43%). Type 2 mutant enzymes loaded RecA onto χ-containing ssDNA to produce amounts of χ-specific joint molecules comparable to wild-type RecBCD (Fig. 3) . Both wild-type and type 2 mutant enzymes produced ∼10-fold more χ-dependent than χ-independent joint molecules. These data demonstrate that the preferential use of χ-containing ssDNA over full-length ssDNA is retained by type 2 mutants. Thus, type 2 mutants not only respond to χ by attenuating their nuclease activity, but also with the structural changes that enable loading of RecA onto χ-containing ssDNA.
Type 2 Mutations Create RecBCD Mutants with Relaxed-Specificity
That Recognize Sequence Variants of χ. In vivo, type 2 mutants enabled large plaques for both χ 0 and χ + phages, and they showed high recombination frequency even for χ 0 phage λ (24). The biochemical data above showed that these mutants recognize and undergo modification of nuclease functions by χ. One possible explanation for their hyper-recombinogenic phenotype is that type 2 mutants acquired the capacity to recognize χ-related sequences other than the canonical χ sequence.
This possibility was tested by using DNA that contained mutant derivatives of the canonical χ sequence, wherein all of the bases of χ were individually altered initially to adenine, and several were changed to thymine or cytosine (Table S1 ) based on whether they were known to disrupt recognition by wild-type enzyme (27) (28) (29) . For DNA containing canonical χ, χ-containing ssDNA was produced by wild-type and all type 2 enzymes (Fig. 4 , first column in each graph) (9, 14) . For wild-type RecBCD, mutation in any position to adenine nearly eliminated χ recognition (7-to 400-fold lower). Interestingly, type 2 mutants responded more promiscuously to the χ variants than wild-type ( Fig. 4 and Fig. S5 ), revealing their behavior as "relaxed-specificity" alterations, a designation that we will use interchangeably with type 2 mutations hereafter. For D705A, recognition of these χ variants is particularly evident: substitution of adenine at any position resulted in downstream χ-variant ssDNA yields as large as ∼25% of the canonical χ response, and recognition of every χ variant was ∼2-to 60-fold greater than for wild-type RecBCD (Fig. S5) . The Q38A, T40A, Q137A, and R142A enzymes recognized the same χ variants, with only somewhat lower yields ( Fig. 4 and Fig. S5 ).
Single-Molecule Visualization Shows That Translocation by a RelaxedSpecificity Mutant is Modified by χ-Like Sequences in a Canonical
Manner. Interaction with χ not only alters the intensity and polarity of the nuclease activity, but it also changes translocation: upon recognition of χ, RecBCD pauses and then continues at approximately one-half of the initial rate (15, 16) . Consequently, we were interested in determining whether χ-like sequences behaved as bona fide χ sequences with regard to translocation by relaxed-specificity mutants. The single-molecule approach described (15, 17, 30) was used to directly image translocation of the most promiscuous relaxed-specificity mutant, RecBC(D705A)D. Wild-type λ DNA does not have a canonical χ sequence but, when attached via its cosA end to polystyrene beads, it does contain potential χ variants in the correct orientation relative to the cosB end (Fig. 5A, arrows) .
For wild-type RecBCD, unwinding and degradation was linear with time, with neither pauses nor changes in velocity (Table S2) (15, 17, 30) . The average rate of unwinding for 24 RecBCD molecules was comprised of two Gaussian populations with mean velocities of 861 ± 99 bp/s and 368 ± 191 bp/s (at 29°C), and is consistent with earlier measurements (4, 15, 30) ; the slower population (∼20%), which becomes evident when a large number of molecules was sampled, will not be discussed further herein (31) . In contrast, Fig. 5A shows three examples of RecBC (D705A)D translocating on λ DNA lacking the canonical χ sequence. These three enzyme molecules paused and altered velocity; furthermore, they paused at different positions. Out of the 56 RecBC(D705A)D-DNA complexes that were trapped, 23 (41%) of the mutant enzymes were seen to pause (Table S3 ). In contrast, none of the 24 wild-type enzymes paused. Before pausing, the collection of RecBC(D705A)D molecules displayed a translocation velocity distribution that is nearly the same as wild RecBCD  D705A  R186H  R186A  R142A  Q137A  D136A  D133A  W70A  L64A  T40A  Q38A  D705H  RecBC   0 2 10 2 10  2 10  2 10  2 10  2 10  2 10  2 10  2 10  2 . Type 2 (relaxed-specificity) mutants stimulate χ-dependent joint molecule formation, whereas type 1 (lost-recognition) mutants do not. Coupled RecABCD reactions (illustrated) were conducted with enzymes for times indicated. Mobilities of full-length ssDNA, χ-specific ssDNA fragments, and joint molecules are indicated. The final yields (± SD) of χ-dependent joint molecules are from at least three independent experiments; ND signifies not detectable (<0.2%). (Table S1 ). Final yields (± SD) from at least two independent experiments are plotted. There is only one χ sequence in the proper orientation, and because RecBCD can enter from either DNA end, the efficiency of χ recognition is at least twofold higher.
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type enzyme (710 ± 51 bp/s and 284 ± 44 bp/s) ( Fig. S6 ), within error, verifying that helicase activity is not altered by the D705A mutation. For the 23 RecBC(D705A)D molecules that paused, 17 molecules (74%) changed their translocation velocity ( Fig.  5B ) (15) . For each molecule, the translocation velocity after the pause was constant. Most of the 23 molecules slowed after the pause, except for six enzymes that maintained the same speed and another four that increased velocity, a behavior that can also be observed for wild-type RecBCD (31) . The pauses have a halftime of 4.2 ± 0.3 s (Fig. 5C ), which is similar (within error) to the half-time (5.0 ± 0.5 s) for wild-type RecBCD elicited by the canonical χ (15). Although wild-type λ DNA does not have a canonical χ sequence, it does have 27 singe-base variants of χ (Fig. 5D, arrows) , a subset of which were biochemically examined in Fig. 4 (green arrows). Individual RecBC(D705A)D enzymes were seen to pause at many different positions in the λ DNA, ranging from 6 to 38 kb from the free end (Fig. 5D) . The spatial resolution of our method does not permit precise mapping of these pause sites, but it is clear that they do not always coincide with any arrows (i.e., variants containing seven of eight bases), suggesting that other novel sequences are being recognized. Furthermore, the observed recognition frequency decreases with distance from the entry site; this phenomenon is consistent with a χ-like behavior because RecBCD is switched at the first productive encounter with χ, and it does not respond to subsequent downstream χ sequences (15, 32) . It is clear that the most promiscuous of the relaxed-specificity mutants is responding to many different χ-like sequences in a way that is identical to the behavior induced upon recognition of χ by wild-type RecBCD. Thus, the interaction with χ variants not only modifies the nuclease activities of RecBC(D705A)D, but it also modifies its translocation behavior.
Discussion
To understand the mechanism by which RecBCD is regulated by its interaction with χ, structure-directed mutagenesis was used to alter residues in the channel of RecC through which the χ-containing ssDNA traverses (24) . Based on phenotype, these RecC-channel mutants were classified into two categories: type 1 [L64A, W70A, D133A, D136A, and R186A (or R186H)], and type 2 [Q38A, T40A, L134A, Q137A, R142A, and D705A (or D705H)]. Their in vivo behavior suggested that the first class represented mutants that lost the ability to recognize or respond to χ, and the second class likely represented mutants that gained the ability to respond to more frequent χ-like sequences. Here we established, based on biochemical and single-molecule criteria, that type 1 mutations produce enzymes unable to recognize χ, and that type 2 mutations relax the sequence specificity of χ recognition. All mutant enzymes possess helicase and nuclease activities; when normalized for specific helicase activity (4), their nuclease activities are similar (within ∼twofold) to wild-type levels.
The lost-recognition mutants lose the ability to respond to χ and they produce negligible amounts of χ-containing ssDNA. The collective lack of χ response is most consistent with a deficiency in the primary event of χ recognition, not just a failure to communicate the recognition to the required structural changes.
In contrast, relaxed-specificity mutants recognize χ, respond appropriately to produce χ-containing ssDNA, and stimulate DNA pairing by loading RecA onto ssDNA in a χ-dependent manner. Most significantly, relaxed-specificity mutant enzymes recognize variants of χ that alter one of the canonical bases, resulting in a χ-like biochemical response with sequences that contain only seven of the eight bases. In addition, the relaxedspecificity D705A mutant shows precocious χ-like behavior at the single-molecule level, emulating the canonical χ-response at many positions on λ DNA. Thus, type 2 mutants have acquired a relaxed and altered χ-recognition capacity, demonstrating that evolution of novel ssDNA sequence recognition requires only simple point mutation. Because wild-type phage λ has many χ variants, even if less efficient than canonical χ, the seven-base variants will be more frequent and both recombination and repair proficiency of χ 0 phage in the relaxed-specificity class of mutant cells is readily understood. Furthermore, frequent recognition of χ variants, particularly before the crossover interval studied in vivo, would preempt any activation by canonical χ, explaining the lack of hotspot activity in the in vivo assays. The relaxed-specificity mutants might also recognize shorter versions (e.g., six nucleotides) of χ; this was not tested here. It is known, for example, that the χ sequence for the Bacillus subtilis RecBCD homolog, AddAB, is five nucleotides: 5′-AGCGG-3′ (33) .
The ensemble conclusions are also confirmed by single-molecule analyses. Wild-type λ DNA lacks canonical χ but, nonetheless, both a pause and change in translocation rate (characteristic of bona fide χ recognition) occur at different positions for the relaxed-specificity mutant, RecBC(D705A)D. This finding supports the idea that relaxed-specificity mutants do indeed interact with novel sequences, and that translocation is quantitatively modified in the canonical manner upon recognition of noncanonical sequences. The pause positions are not limited to the sites of χ variants examined here biochemically, implying that RecBC(D705A)D, the most relaxed member of this class, responds to additional undefined χ-like sequences.
Structurally, RecC has the same tertiary-fold as canonical UvrD-like helicases (20) . UvrD-like enzymes bind ssDNA via aromatic stacking interactions with nucleobases and electrostatic contacts with the phosphate backbone. Remarkably, many residues involved in χ recognition are located in regions of RecC that are equivalent to regions of helicases involved in ssDNA binding (34, 35) , supporting the notion that this region in RecC provides an ideal protein architecture to function as a scanning site for a correctly oriented χ sequence (20, 23) . One relaxedspecificity residue, D705, is found in subdomain 2A and five other relaxed-specificity residues (Q38, T40, L134, Q137, and R142) are located in subdomains 1A, 1B, and 2A. Q38 and T40 are in positions where they could contact the ssDNA backbone (Fig. S1 ). R142 and D705 form an ion pair latch in a loop at the end of a long helix, on which the relaxed-specificity residues (L134 and Q137) and lost-recognition residues (D133 and D136) are located. Disruption of the ion pair by mutation results in a RecBCD that is more easily activated by effector (χ-like) sequences. It might be that when χ is recognized, via both specific and nonspecific interactions, helix movement results in disruption of the ion pair between R142 and D705. This latch disruption and subsequent structural change would allow RecC to adopt a conformation more typical of an SF1 helicase, opening the existing crevice between RecB and RecC to function as an alternative exit channel for ssDNA away from the nuclease site (Fig. 6A, magenta tunnel) , thereby escaping nucleolytic degradation. The stable binding of χ to RecC would encourage use of this post-χ recognition exit, because the binding would obstruct the normal exit as the RecB motor continues to pump ssDNA into RecC at ∼1,000 nt/s (15, 36) . Both structural and biochemical work have noted existence of the alternative channel in Fig. 6A (20, 37) . A conformational change linked to latch disruption would enable this conformational switch. A similar mechanism of signal transduction along a helix connecting two sites was proposed for an allosteric switch in lactate dehydrogenase (38) . For lost-recognition RecBCD mutants, the alteration likely weakens direct interactions with χ to the extent that the binding energy is insufficient to trigger subsequent changes needed to open the latch structure. The crystal structure of RecBCD with the longest DNA substrate showed how the 3′-tail of DNA interacts with RecB; unfortunately, the ssDNA stopped at the boundary between the RecB and RecC subunits (39) . However, an examination of RecC reveals that, in its present conformation (the preinitiation complex before χ recognition), the RecC domains equivalent to the 1A, 1B, and 2A domains of RecB, which interact with ssDNA, are not properly oriented to bind ssDNA in the canonical SF1-helicase manner. Therefore, to gain insight into the possible structural changes required for binding, we used the RecB-ssDNA components from the RecBCD complex (Fig.  S7A ) to model the hypothetical orientations of the 1A, 1B, and 2A domains of RecC when bound to ssDNA. This process was done by simply superimposing them onto the C α backbone of equivalent domains of RecB to place them in orientations equivalent to the ssDNA binding mode of RecB. We then highlighted the mutated side chains of each class to see where they were located relative to the ssDNA in this fitted model; for ssDNA, we used the eight bases of the χ sequence. This crude "model" (Fig. S7B) revealed that the lost-recognition mutants were in positions that could interact with the DNA bases themselves and, hence, their interactions with ssDNA would be entirely sequence-dependent (Fig. S7C) . Consistent with our experimental observations, this structural approximation shows that alteration of these residues could result in the loss of specific interactions that contribute to the free energy of interaction, leading to an expected loss of recognition. The relaxed-specificity mutants were either in positions that could interact with the DNA backbone or were associated with the latch structure. Alteration of some of these resides could lead to interactions that potentially increased nonspecific interactions with ssDNA, and could lead to a heightened overall free energy of interaction with noncanonical χ sequences, stabilizing this proposed post-χ state. Alternatively, and more probably, alteration could weaken the stability of the latch structure (notably, D705A and R142A), permitting the normally weaker interactions with noncanonical χ sequences to trigger opening of the latch at a lower threshold of binding free energy (i.e., at a lower energetic cost). Interestingly, to allow the movement of the domain required for this simple conformational modeling, the latch structure must be disrupted, which is qualitatively consistent with the mutational interpretations and energetic consideration mentioned above. Although this rough model does not provide an explanation for why D705A shows more promiscuous recognition than mutation of its partner, R142, we suspect that mutation on one side of the latch, but not the other, is detrimental to other local contacts in the vicinity. Finally, although this model appears to give some insights into the likely roles of the mutations, it must be stressed that this is only a crude model and merely serves for illustrative purposes to indicate the likely positions of the mutations in the channel and how ssDNA might run past them (Fig. 6B) . It is certainly too imprecise for any detailed analysis beyond that which we present here.
In summary, our genetic, biochemical, single-molecule, and structural analyses reveal both a complexity and elegance to the manner by which RecBCD is regulated by its interaction with the ssDNA sequence, χ, while it is translocating through duplex DNA, and they suggest a model for how that recognition event is transmitted into both structural and functional alterations. We show that χ is recognized by the RecC subunit while it is being pushed through a channel by the RecB motor (40) . The lost-recognition (type 1) mutations define the locus for this interaction, and they define an ssDNA-recognition helix that is needed to confer and communicate the specificity of this interaction. The relaxed-specificity (type 2) mutations define the latch as a crucial structural element. We propose that latch opening is triggered via allosteric coupling with the recognition helix that permits conformation switching to the χ-activated structure. This structure is an engineering masterpiece that couples recognition of χ to movement of an α-helix that then snaps open a latch, which then opens an alternative exit for the χ-containing ssDNA to avoid degradation by the nuclease domain. Mutations that weaken this latch structure or that increase nonspecific interaction with ssDNA, facilitate structural unlatching: thus, evolutionarily, it would be a simple matter to tune in the requisite specificity and stability of sequence-specific ssDNA interaction to evolve proteins with a broad range of χ-sequence interaction. We propose that, as a consequence of structural changes that accompany unlatching of the χ-activated state, the combined nuclease and RecA-loading site of RecBCD is then forced to undock from its interaction site on RecC (15) . This structural change is both encouraged and stabilized by the stable binding of χ to RecC in the channel (15, 36) . This stable binding both prevents the 3′-end of the χ-containing ssDNA from exiting into the nuclease domain and, because RecB continues to pump ssDNA into the channel B A (17), the requirement for an alternative exit is imposed. Furthermore, undocking of the RecB nuclease and loading domain has two consequences: (i) an attenuation of nuclease activity overall and specifically preventing degradation of the recombinogenic χ-containing ssDNA at the original 3′-exit location (9) , and (ii) liberation of the RecB domain responsible for RecAloading, which is now able to swing on the end of its 70 amino acid tether and finally load RecA onto the χ-containing ssDNA (41) . Although elements of this model are conjectural, collectively the existing data underscore an exquisite structural and mechanical coupling in this finely tuned macromolecular machine.
Materials and Methods
Proteins and DNA. Biotinylated RecBCD enzymes with RecC-channel mutations, RecA, and SSB were purified as detailed in the SI Materials and Methods. Plasmids pBR322 (wild-type, χ 0 ), pBR322 χ (+)−3F3H (referred to as χ 3 throughout) (13) , and pBR322 containing the χ-variants (Table S1) were purified by cesium chloride density gradient centrifugation. Plasmid DNA was linearized with NdeI and radioactively labeled at the 5′ end.
DNA Unwinding, χ-Specific ssDNA Fragment Production, Joint Molecule Formation, Reversible Inactivation, and Single-Molecule Visualization Assays.
The following assays were performed as described previously: DNA unwinding (4), production of χ-specific ssDNA fragments (9, 14) , joint molecule formation (3, 9, 14) , and reversible inactivation by χ (26 The translocation on single molecules of λ DNA was visualized as previously described (15, 17, 30, 42) . For the single-molecule assays, the reaction conditions were 45 mM NaHCO 3 (pH 8. 
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SI Materials and Methods
Proteins and Reagents. Biotinylated RecBCD enzymes with RecCchannel mutations were purified from an Escherichia coli strain harboring four plasmids, pMS421 (lacI q spc) (1), pPB700 [(2) (recB, amp)], derivatives of pNH336 harboring the RecC-channel mutations (recC-channel mutants, cam) (3), and pWKS6 [biotin-recD kan; a derivative of pWKS130 (4)] in a ΔrecBCD background. Cells for producing biotinylated RecBCD enzymes were grown in L broth with selective antibiotics and biotin (113 μM). After addition of 1 mM isopropyl-beta-D-thiogalactopyranoside at an OD 600 of 0.5-0.6, cells were grown for 3-4 h and then harvested. RecC-channel mutants were purified as previously described (5) up to the Q-Sepharose chromatography step. After dialysis against 0.1 M potassium phosphate (pH 7.2) and 0.15 M NaCl, the pool from the Q-Sepharose column (Amersham-Pharmacia) was applied to an UltraLink Immobilized Monomeric Avidin column (Pierce). Biotinylated RecBCD was eluted with 2 mM D-biotin (Sigma), dialyzed to remove biotin, and then stored in 20 mM Tris-HCl (pH 7.5), 0.1 mM EDTA, 0.1 mM DTT, 100 mM NaCl, and 50% (vol/vol) glycerol (6) . The concentrations of the purified RecC-channel mutants were determined using an extinction coefficient of 4.0 × 10 5 M −1 ·cm −1 at 280 nm (7). The specific activity of each mutant enzyme was based on helicase units (7), and appropriate concentrations of wild-type and mutant enzymes were used in each assay to provide equivalent amounts of DNA unwinding activity. RecBC was expressed without pWKS6 in a ΔrecBCD background and purified (8) . Wild-type RecBCD was purified as described previously (5). E. coli SSB and RecA proteins were purified as previously described (9, 10) .
Chemicals were of reagent grade. Pyruvate kinase, phosphoenolpyruvate, and ATP were purchased from Sigma. Restriction endonucleases, shrimp alkaline phosphatase, T4 polynucleotide kinase were from New England Biolabs; [γ-32 P]ATP was from Perkin-Elmer; YOYO-1 was from Molecular Probes Inc. ATP was dissolved as concentrated stock solution at pH 7.5, and its concentration was determined spectrophotometrically using an extinction coefficient of 1.54 × 10 4 M −1 ·cm −1 at 260 nm.
DNA Substrates. The NdeI-linearized pBR322 χ (+)−3F3H (χ 3 ) (11) substrate has three tandem χ sequences at either end of the linear double-strand (dsDNA) in the proper orientation for RecBCD enzyme entering from that end. Plasmids pNH92, pNH868, pNH869, pNH1556, pNH870, pNH871, pNH872, pNH873, pNH874, pNH875, pNH94, and pNH95, are pBR322 derivatives containing either χ or a variant χ sequence (12), flanked by BamHI and HindIII sites (Table S1 ). Plasmid DNA was linearized with NdeI or AvaI, and radioactively labeled at the 5′ end by reaction with shrimp alkaline phosphatase, and then with T4 polynucleotide kinase and [γ- DNA Unwinding Assay. Assays were performed as described previously (7, 13) . The reaction mixtures contained 25 mM Tris acetate (pH 7.5), 2 magnesium acetate, 1 mM DTT, 10 μM (nucleotides) linear pBR322 dsDNA 32 P-labeled at the 5′-ends (2.25 nM ends), 1 mM ATP, and 2 μM SSB protein. DNA unwinding reactions were started with the addition of 0.1 nM RecBCD, 10 nM RecBC, or equivalent (in terms of helicase units) concentrations of RecC-channel mutants (0.5 nM Q38A, 0.3 nM T40A, 0.2 nM L64A, 0.5 nM W70A, 0.3 nM D133A, 0.2 nM D136A, 0.4 nM Q137A, 0.5 nM R142A, 0.4 nM R186A, 0.4 nM R186H, 0.3 nM D705A, and 0.4 nM D705H), after preincubation of all other components at 37°C for 5 min. Assays were stopped at the indicated times by addition of proteinase K to a concentration of 0.5 mg/mL, which was dissolved in 5× sample loading buffer [250 mM EDTA, 2.5% (wt/vol) SDS, and 0.25% (wt/vol) Bromophenol blue]. After a 5-min incubation with proteinase K at 37°C the reaction products were separated on a 1% (wt/vol) TAE agarose gel at 600 V·h, visualized, and quantified using an Amersham Biosciences Storm 840 PhosphorImager and ImageQuant software.
χ-Specific Single-Stranded DNA Fragment Production Assay. Assays were performed as described previously (5, (14) (15) (16) . The reaction mixtures contained 25 mM Tris acetate (pH 7.5), 1 mM DTT, 10 μM (nucleotides) linear NdeI-linearized or AvaI-linearized pBR322 dsDNA (χ 3 , or a single variant-χ) that was 32 P-labeled at the 5′-ends (2.25 nM ends), 2 μM SSB protein, and the indicated concentrations of magnesium acetate and ATP. DNA unwinding reactions were started with the addition of 0.1 nM of RecBCD enzyme, 10 nM RecBC enzyme, or equivalent concentrations of RecC-channel mutants (same as for the DNA unwinding assays), after preincubation of all other components at 37°C for 5 min. Reactions were stopped, loaded on a 1% (wt/vol) agarose and analyzed as described above for the DNA unwinding assay.
Joint Molecule Formation Assay. Coupled RecABCD reactions were performed as described previously (17) . The reactions contained 25 mM Tris acetate (pH 7.5), 6 mM magnesium acetate, 2 mM ATP, 1 mM DTT, 1 mM phosphoenolpyruvate, 4 Units/mL pyruvate kinase, 2 μM SSB protein, and 10 μM (nucleotides) of NdeI-linearized, 5′-end-labeled dsDNA (χ 3 ). In addition, 20 μM (nucleotides) supercoiled pBR322 DNA and 5 μM RecA were included before preincubation at 37°C. The reactions were initiated with 0.1 nM RecBCD, 10 nM RecBC or equivalent amounts of the RecC-channel mutants (same as for the DNA unwinding assays). Reactions were stopped, loaded on a 1% (wt/vol) agarose, and analyzed as described above for the DNA unwinding assay. The yield of joint molecules formation was determined from the percentage of discrete joint molecules produced relative to the input dsDNA.
Reversible Inactivation Assay. Assays were performed as described previously (14, 15, 18) . Initial reaction conditions contained 25 mM Tris acetate (pH 7.5), 1 mM magnesium acetate, 5 mM ATP, 1 mM DTT, 6.25 μM plasmid DNA (χ 0 or χ 3 , 1.55 nM dsDNA ends), and 1.25 μM SSB protein. After equilibration for 2 min at 37°C, reactions were initiated by addition of 0.05 nM RecBCD or the equivalent amount of RecC-channel mutant enzyme, and time points were taken as indicated. After 40 min, magnesium acetate was added to 10 mM final concentration, and the time course was continued for an additional 40 min. Reactions were stopped, loaded on a 1% agarose, and analyzed as described above for the DNA unwinding assay. Quantification of duplex DNA remaining was normalized to the amount present at the start of the reaction.
Single-Molecule Visualization. The DNA bead preparations and reactions were performed as previously described (19) (20) (21) (22) . The cosA end of λ DNA was attached to beads via a biotinylated oligonucleotide (5′-GGGCGGCGACCT-biotin-3′) that was ligated to the λ DNA using modification of a procedure used previously (19) . The biotinylated DNA (1-5 femtomoles) was incubated with 1-2 μL of 1 μm ProActive streptavidin-coated microspheres (Bangs Laboratories) for 1 h at 37°C in 80 mM NaHCO 3 (pH 8.2). Bead-DNA complexes were transferred into 0.5 mL of degassed sample solution containing 45 mM NaHCO 3 (pH 8.2), 20% (wt/vol) sucrose, 50 mM DTT, and 20 nM YOYO-1 dye (Molecular Probes). DNA was incubated with the dye for at least 1 h in the dark at room temperature. Immediately before transfer to the sample syringe, 2 mM magnesium acetate, 8 nM RecBCD enzyme, or 24 nM of RecBC(D705A)D mutant enzyme, were added to the sample mixture. The reaction solution contained 45 mM NaHCO3 (pH 8.2), 20% (wt/vol) sucrose, 50 mM DTT, 1 mM ATP, 2 mM magnesium acetate, and 20 nM YOYO-1 at 29°C.
Videos of the enzyme translocation were recorded at 5.3 frames per second with Andor iQ (Andor) software. Every two frames were averaged using an ImageJ plug-in to reduce background and to create movies at 2.65 frames per second. The length of the DNA molecule in each frame was measured with a plug-in written in this laboratory (22) . The unwinding rates are the best fit values for the slopes of DNA unwinding ± SE obtained from the regression analysis to a contiguous three-segment line using GraphPad Prism Software v4. Values for the extent of DNA unwinding are the difference between the initial length of the DNA molecule and its final length after unwinding. Rates before and after a pause are the best fit values for the slopes of DNA unwinding ± SE obtained from the regression analysis. The average extent of unwinding, n, is calculated as follows. The number of enzymes (Y) that unwound at least a given DNA length (grouped in 2-kb bins) was plotted against that length (X). Processivity, P, was determined by fitting the data to the equation Y = A × P X . The value of N was obtained from P by the equation N = 1/(1 − P) (20) . N is reported as the mean ± SE.
Values for the position of the pause are the average length of the DNA molecule measured for each video frame during the appropriate reaction stage ± SE for the DNA lengths measured during this stage. SE for each pause position was calculated using following formula: SE of pause position ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ðSE of intercept1Þ 2 þ ðslope1 × SE of t1Þ 2 þ ðt1 × SE of slope1Þ 2 q ; where t1 is the beginning of the pause, intercept1 is the intercept of the Y/DNA length axis with the unwinding segments before pausing, and slope1 is the unwinding rate before pause. The duration of the pause was calculated by subtracting the time when the pause began from the time when the pause ended. SE for the duration of each pause was calculated using following formula:
SE of pause duration ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ðSE of t1Þ 2 þ ðSE of t2Þ 2 ; q where t1 and t2 are the beginning and the end of the pause.
The sequence and position of single-base variants of χ (arrows in Fig. 5 A and D Fig. 4 (green arrows in Fig. 5 A and D) are italicized. Fig. S3 . At an elevated free Mg 2+ concentration, the RecC-channel mutants display helicase and nuclease activities that, relative to one another, are comparable. Time courses for dsDNA processing by RecBCD and mutant enzymes; the enzymes and reactions times are indicated. Reactions were carried out in the presence of 2 mM ATP and 6 mM Mg(OAc) 2 , and the pBR322 dsDNA was linearized by NdeI. Reactions from the same gel were rearranged in the order shown. The positions of dsDNA and ssDNA species are indicated on the left. The yields (± SD) of full-length ssDNA from at least three independent experiments are indicated under the gel. D705A  R186H  R186A  R142A  Q137A  D136A  D133A  W70A  L64A  T40A  Q38A   0 5  2 5 2 5  2 5  2 5  2 5  2 5  2 5  2 5  2 Fig . S4 . At an elevated free Mg 2+ concentration, the type 1 (lost-recognition) mutants process dsDNA to produce substantially reduced levels of χ-specific fragments; type 2 (relaxed-specificity) mutants display wild-type level of χ recognition. The production of χ-specific fragments was carried out using Boldface letters signify the variant. Plasmids pNH92, pNH94, and pNH95 were previously described (1); the others were constructed here as described in SI Materials and Methods.
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